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Abstract 
The environmental context of a mobile phone determines how it is used and how the phone can optimize operations for greater 
efficiency and usability. In this paper, we consider the problem of detecting if a mobile phone is located in indoor or outdoor 
environment. Towards this end, we present a general method employing cell identity map and using only light sensor and 
proximity sensor on a mobile phone. Based on the results of a great deal of testing, we find that light intensity is the most reliable 
feature for indoor-outdoor detection, but light intensity is not always available because the mobile phone is sometimes put in 
pocket or bag. In order to solve this problem, we propose a new feature, called cell identity map (CIMAP), to be used for indoor- 
outdoor detection in the case that light intensity is unavailable. Implementation of the indoor-outdoor detection service based on 
our method is lightweight because only light sensor and proximity sensor are turned on during detection. Mobile phones maintain 
connections to base stations to support telecommunication services all the time, thus the marginal energy consumption of 
collecting cellular signal information can be negligible. It is shown to outperform existing indoor-outdoor detection techniques in 
terms of both energy-efficiency and robustness. 
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1. Introduction 
Recently context sensing on mobile devices has attracted a lot of attention and interest, since context sensing 
offers opportunities to understand people and environments in great detail. The increasing availability of sensors (e.g. 
light sensor, accelerometer, magnetic sensor) integrated in mobile devices makes it possible to obtain various forms 
of context concerning a mobile user, including location, activity, environment temperature and so on1,2. As the 
location based services have been widely spread in our daily life, location awareness is becoming the most important 
issue in many cases.  
In this paper, we focus on the problem of detecting whether a mobile user is indoor or outdoor, which we refer to 
as the indoor-outdoor (IO) detection problem. IO detection is an environment related aspect of user context and it is 
important for enabling context-aware applications. For example, personalization applications can use the IO state to 
provide better usability: change profile settings, volume or screen brightness automatically when a user moves from 
outdoors to indoors or vice versa. To save power, the phone itself may be able to turn on or off certain functions 
depending on their usefulness. For example, GPS is useful outdoors and can be turned off when inside a building. IO 
detection can also assist in better detection of other aspects of context such as location. 
There are two existing techniques for IO detection. One is GPS-based IO detection method: building entrances 
are characterized by a visible drop in the GPS confidence when the user moves from outdoors to indoors. The other 
one is called IODetector which compares light intensity, magnetic intensity variance and cellular signal strength with 
corresponding thresholds respectively and combines the results to infer the current environment state5. GPS-based 
IO detection method would not be considered here since we want to use the IO information to turn on or off GPS 
automatically. In this paper, first we conduct an in-depth experimental investigation of the effectiveness of 
IODetector and review its limitations. From our test results, we believe that light intensity is a very reliable feature 
which can distinguish IO state in the daytime, but light sensor is easily obstructed since the mobile phone is 
sometimes put in pocket or bag, and it cannot provide accurate detection result at night. Magnetic field intensity and 
cellular signal strength variation cannot demonstrate clear and steady difference between indoor and outdoor 
environments. Consequently, we should look for another reliable feature for IO detection. By exploring the 
characters of cellular signal, for example LTE signal, we approach the IO detection problem from a 
telecommunication network point of view, and we propose a novel IO detection method based on cell identity map 
(CIMAP), which is referred to as CIMAP detector. CIMAP is comprised of cell identity, cell type and received 
signal strength (RSS). According to the different coverage areas of radio cells, we classify radio cells into five types: 
Indoor Cell, Outdoor Cell, Indoor Edge Cell, Outdoor Edge Cell and Hybrid Cell. CIMAP is constructed with the 
help of light sensor. After CIMAP construction is finished, by identifying the type of the current cell and comparing 
the current RSS with the threshold, the IO detection result is provided in real time. In our approach, only light sensor 
and proximity sensor are used. Proximity sensor is used to detect if the mobile phone is in pocket or bag. CIMAP 
detector only works when light detector cannot provide accurate result. Since mobile phones maintain connections to 
base stations to support telecommunication services all the time, the marginal energy consumption of collecting 
cellular signal information can be negligible. Therefore this IO detection method based on CIMAP is energy-
efficient. 
The rest of this paper is organized as follows. In the next section, we investigate the effectiveness of IODetector. 
In Section 3, we present the new IO detection method based on cell identity map. The performance of the proposed 
scheme is illustrated in Section 4. The last section is conclusions. 
2. IODetector 
IODetector is a lightweight sensing service using light sensor, magnetic sensor and cellular signal to determine IO 
state. Based on experimental data, IODetector establishes some characteristics of these quantities from empirical 
observation: (1) In daytime, in outdoors, light intensity is typically much higher than indoors; (2) When the user’s 
context changes from outdoors to indoors, the cell signal strength drops rapidly due to attenuation from walls and 
ceilings; and (3) Magnetic field intensity measured on phone tends to fluctuate rapidly when the user is moving 
indoors due to appliances, electric currents and metallic objects nearby, compared to open spaces outdoors. 
IODetector correspondingly runs 3 primary detectors which provide their individual estimates for three environment 
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states (indoor, outdoor and semi-outdoor), and corresponding confidence in those estimates. Then IODetector 
aggregates these results together. The state that receives the most overall confidence in estimations is output as the 
current state. The environment states are classified into three categories in IODetector: indoor, outdoor and semi-
outdoor. The purpose of defining semi-outdoor is to cover the situation that if a mobile phone user is in close 
proximity to a building or in a semi-open building. Considering the definition of semi-outdoor, such as ‘close to’ or 
‘semi-open’, is not so precise, in this work we focus on the detection of indoor and outdoor states. 
We developed an Android application to record cellular signal strength and the output of light sensor and 
magnetic sensor in real time. The current environment state is also recorded. The recording interval is configured to 
be 1 second. Samsung Galaxy S5 is selected as the test mobile phone. 
2.1. Light Sensor 
In theory, the intensity of sunlight is much higher than that of artificial light because of the invisible spectrum in 
sunlight. We denote L to be the detected light intensity. IODetector compares L with two thresholds. If it is daytime 
then it checks for light intensity L>2000Lux, in which case it outputs Outdoor, else it outputs Indoor, with high 
confidence. At night, it checks for L<50Lux to produce a low confidence output of Outdoor, else it outputs Indoor.  
We recorded the output of light sensor in various scenarios. We find that in the daytime normally outdoor light 
intensity is higher than 2000Lux, but in some cases, for example, in the shadow of building, the light intensity is 
lower than 2000Lux. Indoor light intensity is always lower than 1000Lux in the daytime. At night time, outdoor 
light intensity ranges from 0 to 250Lux, and indoor light intensity ranges from 0 to 800Lux. 
From the above, we believe that light intensity can be exploited to distinguish indoor and outdoor environments in 
the daytime. However, for light intensity at night, it’s virtually impossible to find a suitable threshold. Furthermore, 
light sensor has the drawback that it is easily obstructed. If the phone is in a pocket or bag, light does not help.  
2.2. Magnetic Sensor 
IODetector compares the variance of magnetic intensity with the pre-determined threshold. If the variance is 
above 18 then the environment state is determined to be indoors, otherwise it outputs outdoor state. The method to 
find this threshold used by IODetector is to try from 0 to 40 with step length 2 and then select an empirical threshold 
18 to achieve a balance. In order to get more accurate result, we plot the cumulative distribution function (CDF) of 
magnetic variance to determine the optimum threshold. Fig. 1 shows the indoor and outdoor CDFs of magnetic 
variance. We find that when the magnetic variance is 45, the probabilities of indoor and outdoor environments have 
the largest difference, which means if the magnetic variance is less than 45, the environment state is most likely to 
be outdoors, otherwise it’s most likely to be indoors. This result is much different from IODetector. 
 
 
Fig. 1. CDF of magnetic intensity variance. 
2.3. Cellular Signal 
IODetector looks for the abrupt variation of cellular signal strength to detect the transition between indoor and 
outdoor, and it is said that this variation can be up to 15dB. However, we think this conclusion is not always correct.  
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This abrupt variation of the cellular signal strength up to 15dB occurs infrequently in a well network-optimized area 
since there is a process called handover as shown in Fig. 26. The mobile phone reports the receiving signal strength 
(RSS) of serving cell (cell 1) and neighbour cell (cell 2) to the network. The network compares the difference 
between neighbour cell RSS and serving cell RSS, if this difference is larger than the value of handover margin, 
then the network would request the mobile phone to handover to cell 2. The value of handover margin is normally 
6dB. The process time of handover is very short, normally less than 300ms. Fig. 2 also shows handover signalling in 
the air interface. From ‘Handover Command’ to ‘Handover Complete’, it takes less than 200ms. Therefore if there is 
a better cell deployed inside the building, when the mobile phone moves in from outside, the phone would be 
requested to handover from outdoor cell to indoor cell in short time without significant RSS drop. 
          
Fig. 2. (a) Handover from cell 1 to cell 2; (b) Handover signaling in the air interface. 
2.4. Summary 
In summary, the hard-coded thresholds IODetector uses to estimate IO state are not always correct, due to 
different environments and different phones. According to our test and analysis, light intensity is the most reliable 
feature in the daytime, and we can find a suitable threshold to determine IO state. But light intensity is unavailable if 
the mobile phone is put in pocket or bag. Furthermore it’s not able to provide accurate detection result at night. 
Magnetic intensity variance is only available when moving, and it is difficult to find a correct threshold for it. As 
mentioned above, our optimum threshold is much different from IODetector, and we cannot say who is right or 
wrong. Abrupt variation of cellular signal strength does not always happen because the mobile phone can handover 
to the better cell before RSS significantly degrades. 
3. System Design 
From above analysis, we should find another reliable feature to determine IO state besides light intensity. Based 
on a lot of test and analysis, in this paper, we present a new concept “Cell Identity Map”, which can be used for 
reliable IO detection. 
With the rapid development of mobile communication industry, 3G (WCDMA/TD-SCDMA) and 4G (FDD/TDD 
LTE) networks have been widely deployed all over the world. In 3G and 4G mobile communication systems, data 
service has become the main service instead of voice service. According to the statistics, around 80% of all data 
traffic is consumed by users located indoors, so the challenge is to deliver fast and seamless connectivity to indoor 
users. However, the existing outdoor macro cells cannot provide good indoor coverage and sufficient mobile 
broadband capacity due to building penetration loss and limited cell capacity. To overcome the capacity limitation 
and path loss from walls, windows and other obstacles, indoor cells are widely deployed to enhance coverage and 
capacity for indoor users. 
3.1. CIMAP Construction 
Based on the fact mentioned above, we classify the radio cells of telecommunication network into five types 
listed in Table 1. Fig. 3 shows deployment scenarios for different types of cells. Each cell can be identified by its 
unique ID, which is called cell identity (CI), and the mobile phone can easily obtain the CI of the current serving 
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cell by Android API. Now the problem is how to determine the type for each cell. As analyzed in last section, light 
intensity is the most reliable feature to determine IO state in the daytime, thus we use light intensity to determine the 
type for each cell.  
Table 1. Cell type definition. 
Cell Type Description 
Indoor Cell Indoor cell is deployed in the building to provide indoor coverage only. 
Outdoor Cell Outdoor cell is deployed outdoors to provide outdoor coverage only. 
Indoor Edge Cell Indoor edge cell is deployed in the building to provide indoor coverage only, and has neighbour relationship with outdoor cell. 
Outdoor Edge Cell Outdoor edge cell is deployed outdoors to provide outdoor coverage only, and has neighbour relationship with indoor cell. 
Hybrid Cell Hybrid cell is a kind of macro cell to provide both outdoor and indoor coverage. 
 
 
Fig. 3. Different types of cells. 
 
Fig. 4. Work flow of cell type judgment. 
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Fig. 4 summarizes the work flow of cell type judgment. We denote L to be the detected light intensity. The light 
detector first queries the proximity sensor to check whether the light sensor is currently available for accurate 
detection. If the light sensor is available, the light intensity L is then compared with a threshold. If L>Threshold, 
light detector confirms an outdoor environment detection. Then the value of IndoorCount should be checked. 
IndoorCount is the amount that the cell is judged as Indoor Cell or Indoor Edge Cell. If IndoorCount is not 0, which 
means this cell was once detected in indoor environment previously, then this cell should be judged as Hybrid Cell. 
If IndoorCount is 0, this cell should be judged as Outdoor Cell. And then the type of previous cell is checked. 
Previous cell is the cell that the mobile phone camped before handover to the current cell. If the previous cell is 
Indoor Cell or Indoor Edge Cell, according to the definition of Outdoor Edge Cell, the current cell has an indoor 
neighbor cell, so this cell should be judged as Outdoor Edge Cell. By analogy, we can get the method of judging 
Indoor Cell and Indoor Edge Cell. 
Now we can construct CIMAP based on above algorithm. Since there is a lightweight database in Android system, 
named SQLite, CIMAP is saved in the form of SQLite database. Table 2 shows an example of CIMAP. There are 6 
components in CIMAP: CI, Type, IndoorCount, OutdoorCount, IndoorRSS and OutdoorRSS. For every time of cell 
type judgment, if the current environment detected by light sensor is indoor, then IndoorCount plus one; if the it’s 
outdoor, then OutdoorCount plus one. The current RSS is recorded as IndoorRSS or OutdoorRSS. The work of 
CIMAP detector depends on whether CIMAP is completely constructed or not, but the construction of CIMAP can 
be gradually done in the daily use of mobile phones, and does not need any special manual work. 
Table 2. An example of CIMAP database. 
CI Type Indoor Count Outdoor Count Indoor RSS Outdoor RSS 
11549187 1 4 0 29 0 
11549703 1 7 0 31 0 
11550215 3 3 0 27 0 
11582469 4 0 1 0 28 
12589571 2 0 4 0 30 
11620355 5 2 4 22 29 
3.2. CIMAP Detector 
If light sensor is available for accurate detection, we always use the result of light detector as the final detection 
result. If not, which means the mobile phone is in a pocket or bag, or the time is at night, we use the result of 
CIMAP detector as the final detection result. In the worst case, for example, light sensor is not available and the 
current cell is unknown by CIMAP, no result would be provided. Table 3 shows the detection result for each kind of 
cell type except Hybrid Cell. 
Table 3. The detection result for each cell type. 
Type of Current Cell Detection Result 
Indoor Cell Indoor 
Outdoor Cell Outdoor 
Indoor Edge Cell Indoor 
Outdoor Edge Cell Outdoor 
 
For Hybrid Cell, because it provides both indoor and outdoor coverage, we cannot get IO detection result only by 
its cell type. Hybrid cells are commonly deployed in residential area, to provide coverage for both outdoor and 
indoor environments, which means there is not indoor cell deployed in the residential building. In our experiments, 
if the mobile phone is camped on a Hybrid Cell, we observe a significant variation of the cellular RSS when the 
ambient environment changes due to the user mobility. As shown in Fig. 5, when the user walks into a residential 
building from the outside, the cellular RSS significantly drops due to building penetration loss. Therefore, we use 
the abrupt variation of the cellular RSS to distinguish the IO state for Hybrid Cell. 
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Fig. 5. RSS variation from outdoor to indoor. 
4. Evaluation 
We implement our approach on the Android platform and test its performance using Samsung Galaxy S5. The 
testing place is Samsung Digital City in Suwon, Korea. Because the purpose of our test is to verify the effectiveness 
of CIMAP detector, we first do dedicated work to construct CIMAP. After CIMAP is completely constructed, we 
check the accuracy of CIMAP detector by putting the mobile phone into the pocket.  Fig. 6 shows the variation of 
light intensity, RSS and CI at outdoor to indoor transition and indoor to outdoor transition. We can find that when 
the user moves from outdoor to indoor, the mobile phone moves from outdoor cell to indoor cell, and vice versa. 
The accuracy test result of our approach is above 98%, and the average power consumption is about 4mW. 
 
        
Fig. 6. (a) Transition from outdoor to indoor; (b) Transition from indoor to outdoor. 
5. Conclusion 
In this paper, from a telecommunication network point of view, we propose a novel IO detection method based on 
cell identity map. This method only uses light sensor and proximity sensor. First using the output of light detector to 
construct CIMAP, then CIMAP detector provides detection result in the case that light detector cannot provide 
accurate result. Our experimental results demonstrate that our approach can provide high accuracy with low power 
consumption. 
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